Abstract. In patients with advanced colorectal cancer (CRC), a transient significant increase of serum iron is observed during chemotherapy with leucovorin and fluorouracil plus oxaliplatin (FOLFOX) or leucovorin and fluorouracil plus irinotecan (FOLFIRI). Serum iron may be a useful and convenient predictor of the response to chemotherapy; however, the mechanism underlying its increase has not been fully elucidated. Accordingly, the mechanism underlying the elevation of serum iron during chemotherapy was investigated in 20 patients with advanced CRC who were treated between September, 2012 and July, 2013. The levels of iron, ferritin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), hemoglobin (Hb), hepcidin-25, interleukin (IL)-6 and soluble transferrin receptor (sTfR) were measured before and 48 h after chemotherapy. The serum levels of iron and hepcidin-25 were found to be significantly increased after chemotherapy (P<0.0001), whereas those of IL-6 were significantly decreased (P=0.0057). There were no significant changes in any of the other parameters. The lack of significant changes in AST, ALT and Hb suggested that the elevation of serum iron was not due to the destruction of hepatocytes, whereas the stable sTfR level suggested no destruction of erythroblasts. Hepcidin-25 regulates iron metabolism and decreases serum iron levels; it is increased by an iron load and IL-6, but is decreased under anemic or hypoxic conditions. The suppression of erythropoiesis increases serum iron levels and chemotherapy suppresses erythropoiesis. As serum iron and hepcidin-25 were both significantly increased and IL-6 was significantly decreased, with no significant changes in sTfR, it appears that the elevation of serum iron during chemotherapy may be secondary to reduced iron consumption by erythropoiesis, leading to increased expression of hepcidin-25 and suppression of Il-6 via negative feedback.
Introduction
Serum iron levels have been reported to increase following administration of various anticancer drugs, including 5-fluorouracil, actinomycin D, adriamycin and cyclophosphamide. We previously demonstrated that a transient significant increase of serum iron was a recurrent event during treatment with leucovorin and fluorouracil plus oxaliplatin (FOLFOX) or leucovorin and fluorouracil plus irinotecan (FOLFIRI) in patients with advanced colorectal cancer (CRC), while there was no such effect of molecular-targeted drugs on serum iron levels (1) . We also observed that the median survival time (MST) of patients with a greater increase of serum iron was significantly superior to that of other patients, while the multivariate analysis identified a small increase of serum iron as an independent risk factor for overall survival (OS). Thus, serum iron levels may represent a useful and convenient predictor of the response to chemotherapy (2, 3) .
However, the mechanism underlying the increase of serum iron during chemotherapy remains to be elucidated. Accordingly, this study was performed to investigate the mechanism underlying the increase of serum iron during chemotherapy through measurement of hepcidin-25 as a key regulator of iron metabolism, interleukin (IL)-6 as a stimulator of hepcidin-25 and soluble transferrin receptor (sTfR) as a marker of erythroblasts.
Materials and methods

Patients.
A total of 20 patients with unresectable advanced or metastatic CRC were enrolled in this study between September, 2012 and July, 2013. Treatment was based on the Japanese Society for Cancer of the Colon and Rectum guidelines (4) 15 N 3 ]-hepcidin-25 as the internal standard was added to an equal volume of serum or calibration standard, mixed vigorously and centrifuged. A 20-µl aliquot of the resulting supernatant was analyzed quantitatively by liquid chromatography tandem mass spectrometry using the API-5500 QTRAP system (Applied Biosystems, Foster City, CA, USA) equipped with Prominence chromatographic system (Shimadzu Corp., Kyoto, Japan). Analytical chromatography of human hepcidin-20, -22 and -25 was performed on a PLRP-S column (5 µm, 300 Ǻ, 150 mm x 2.0 mm i.d.; Polymer Laboratories, Ltd., Shropshire, UK). Mobile phase A was 0.1% aqueous formic acid and mobile phase B was 0.1% formic acid in acetonitrile. At a flow rate of 0.5 ml̸min, mobile phase B was commenced at 20% from 0-2 min, increased to 25% until 8 min, increased to 90% until 10 min and returned to 20% until 12 min. Instrument control and data processing were performed with Analyst™ software, version 1.5 (Applied Biosystems). Statistical analysis. The t-test was used for comparisons between two groups and P<0.05 was considered to indicate a statistically significant difference. Data are expressed as means ± standard deviation.
Measurement of sTfR. sTfR was determined by
Results
Patient characteristics. The characteristics of the patients are summarized in Table I . The 20 patients had a mean age of 70.8 years (range, 51-82 years) and included 14 men and 6 women. A total of 18 patients had colon cancer and 2 patients had rectal cancer.
Laboratory parameters before and after chemotherapy. The serum iron level was 56.95±32.70 µg/dl prior to chemotherapy and it increased significantly to 201.9±67.71 µg/dl at 48 h after chemotherapy (P<0.0001, Fig. 1 ). By contrast, the serum ferritin level did not change significantly, being 167.6±155.6 ng̸dl before chemotherapy and increasing to 202.6±229.0 ng̸dl after chemotherapy (P=0.0974, Fig. 2 ). The Table II . The comparison between the serum concentrations before and after chemotherapy revealed no significant changes in any of these parameters up to 48 h after chemotherapy.
Discussion
Iron is essential for all human cells and it plays an important role in numerous biological processes, including electron and oxygen transport and DNA synthesis (8, 9) . However, excess iron poses a threat to cells and tissues due to its ability to catalyze the generation of various radicals (10) . Therefore, serum iron levels are strictly regulated in humans (11) . In general, the daily loss of iron through desquamation of epithelial cells from the intestine and the skin (1-2 mg) represents <0.1% of the total iron stores (3-4 g) in adults. The iron that is lost must be replaced from dietary sources by absorption in the duodenum to maintain the iron balance. If iron intake is excessive and overload occurs, the daily loss of iron cannot increase substantially through physiological mechanisms. Most of the iron in the body is found in hemoglobin within erythrocytes, accounting for ~2 g in total, while serum only contains 3-4 mg of iron bound to transferrin, an iron carrier that is the exclusive source of iron for erythropoiesis. The lifespan of human erythrocytes is ~120 days, hence the oldest fraction of erythrocytes is degraded by macrophages and their iron is returned to transferrin on a daily basis. This recycling process generates a daily load of 20-25 mg of iron, most of which is destined for erythrocyte production in the bone marrow, where ~1 mg of iron̸h is consumed for erythropoiesis. Therefore, if the supply of iron from macrophages is stopped, the iron in the serum will be consumed after only 3-4 h. By contrast, if erythropoiesis is suppressed, the serum iron levels will increase. The turnover of serum iron is rapid. Approximately 1 g of iron is stored by hepatocytes and macrophages in the liver and red pulp macrophages in the spleen. Hepatocytes and macrophages store iron in the cytoplasm bound to ferritin, so that it may be readily mobilized under conditions of high iron demand.
Hepcidin is synthesized in the liver and is a key peptide hormone that regulates iron homeostasis in humans (12) (13) (14) . There are three forms of hepcidin, hepcidin-20, -22 and -25. Hepcidin-25 is the mature bioactive form; it is a 25-amino acid peptide hormone that inhibits iron entry into the serum compartment from the three main sources (dietary absorption from the duodenum, release of recycled iron from macrophages and release of stored iron from hepatocytes) by binding to ferroportin, a cellular iron exporter and inducing its internalization (15) . Therefore, a high circulating level of hepcidin-25 decreases serum iron levels.
The synthesis of hepcidin-25 is activated by an iron load, whereas it is suppressed by anemia, hypoxia and erythropoiesis (16, 17) . Hepcidin-25 synthesis is also induced by inflammatory cytokines, such as IL-6, in response to infection and inflammation, thus suppressing iron utilization and absorption and resulting in the anemia associated with inflammation or chronic disease (18) . Under normal conditions, however, an increase of the serum iron level upregulates hepcidin-25 expression, which is under feedback regulation by serum iron concentrations and by the erythropoietic requirement for iron.
In this study, the serum iron and hepcidin-25 levels were significantly increased after chemotherapy, whereas those of IL-6 were significantly decreased and there were no significant changes in AST, ALT, Hb and sTfR levels. The lack of significant changes in AST, ALT and Hb levels suggests that the increase of serum iron was not due to the destruction of hepatocytes or erythrocytes by chemotherapy. In addition, the sTfR level reflects the number of erythroblasts; hence, the lack of a significant change in sTfR suggests that erythroblasts were not affected by chemotherapy. Vokurka et al (19) observed that an increase in hepcidin was associated with irradiation-induced suppression of erythropoiesis in mice. Continuing absorption of iron from the gut and its release from macrophages are highly undesirable when erythropoiesis is suppressed. In fact, an increase of hepcidin has been observed in patients with severe anemia due to suppression of hematopoiesis by irradiation; it appears that hemolysis and anemia only decrease hepcidin levels when erythropoiesis is functional. If erythropoiesis is arrested, even severe anemia does not lead to a decrease in hepcidin, which, on the contrary, is significantly increased. Suppression of erythropoiesis is observed in acute leukemia, erythropoietin-deficiency anemia, aplastic anemia, pure red cell aplasia and myelodysplastic syndrome. In these diseases, the serum iron levels are high, despite the presence of anemia. While attacking cancer cells, chemotherapy also suppresses bone marrow function. Thus, the increase in hepcidin associated with chemotherapy in this study may be similar to the increase of hepcidin that occurs in patients with irradiation-induced suppression of erythropoiesis.
We previously demonstrated that the MST of patients with a marked increase of the serum iron levels was significantly superior to that of patients with a small increase, whereas the multivariate analysis identified a small increase of serum iron as an independent risk factor for OS (2, 3) . The present study suggested that an increase of serum iron results from the suppression of erythropoiesis by chemotherapy, which may also indicate suppression of tumor cell proliferation. Therefore, serum iron levels may be a useful and convenient predictor of the response to chemotherapy.
There were several limitations to this study. The mechanism by which chemotherapy suppresses erythropoietic consumption of iron within a very short time remains to be elucidated. Fluorouracil, oxaliplatin and irinotecan are cytotoxic chemotherapeutic agents. In a preliminary study conducted at our hospital, the serum iron levels were found to increase during chemotherapy with docetaxel for gastric cancer. In general, cytotoxic agents disturb cell division and it requires some time for antitumor activity to appear. However, the suppression of erythropoiesis appeared to be very rapid in this study. Accordingly, cytotoxic agents may directly suppress heme protein synthesis in erythroblasts, or there may be other mechanisms involved.
In conclusion, the increase of serum iron levels during FOLFOX/FOLFIRI therapy may be attributed to the suppression of erythropoiesis and, thus, the decrease in the consumption of iron. Therefore, serum iron levels increase rapidly, leading to an increase of hepcidin-25 which, in turn, leads to a decrease in IL-6 levels via negative feedback. Thus, the elevation of serum iron levels during chemotherapy may be attributed to reduced iron consumption due to the suppression of erythropoiesis.
